Objective: Preterm infants are at risk for neurodevelopmental impairment. The Neonatal Intensive Care Unit Network Neurobehavioral Scale (NNNS) is a standardized assessment for the neurobehavioral integrity of the newborn. The use of NNNS as a prognostic tool is still emerging. We hypothesized that the NNNS examination performed at term equivalent can detect neurobehavioral alterations in very low birth weight infants and can help in predicting their neurodevelopmental outcome at 18 months corrected age (CA).
Introduction
Preterm infants are at risk for different neurodevelopmental impairments. Early prediction of those at increased risk can facilitate parental counseling and direction of early intervention services. Predictors of neurodevelopmental outcomes may include clinical characteristics, 1 neuroimaging studies, 2 neurophysiological studies 3 and neurobehavioral assessments. 4 The Neonatal Intensive Care Unit Network Neurobehavioral Scale (NNNS) was designed as a standardized neurobehavioral examination for term and preterm infants, especially those at high risk for developmental problems. It was developed for the Eunice Kennedy Shriver National Institute of Child Health and Human Development Neonatal Research Network 'Maternal Lifestyle Study' (MLS) that focused on prenatal drug exposure. 5 It is a comprehensive assessment that combines neurological, behavioral and stress items. Though largely based on previous examinations as the Neonatal Behavioral Assessment Scale, it is more structured, less dependent on examiner-infant interaction, and takes less time to administer. 6 The use of NNNS as a prognostic tool is still emerging.
In this study, we prospectively examined neurobehavioral alterations at term-equivalent age in a cohort of preterm infants evaluated by the NNNS and tested its predictive value for later neurodevelopmental outcome.
Methods

Patients
This is a prospective observational cohort study of premature very low birth weight infants admitted to the neonatal intensive care unit at the George Washington University Hospital, Washington DC, from February 2006 to October 2008. Patients were included if they were <1500 g and p34 weeks gestational age (GA) at birth. Infants were excluded if they had major congenital anomalies. Patients reported in this study are those who survived and were evaluated at term-equivalent age. This study was approved by the Institutional Review Board of the George Washington University, Washington, DC. Informed parent consent was obtained before enrollment in the study.
Study design Data collection. Demographic information included birth weight, GA, gender, race, Medicaid eligibility (to define socioeconomic status), and intrauterine drug exposure. GA was determined by the attending obstetrician based on either the last menstrual period or first-trimester ultrasound if performed. Clinical information obtained from the medical record included pathology-confirmed chorioamnionitis, prenatal steroids, Apgar scores, ventilation days, bronchopulmonary dysplasia (defined as oxygen requirement at 36 weeks postmenstrual age), necrotizing enterocolitis (Bell stage II or more), culture-positive sepsis, retinopathy of prematurity, severe intraventricular hemorrhage (grade III or IV) and abnormal hearing screen (by otoacoustic emission).
Neurobehavioral assessment. The NNNS was administered on the study population at 40 to 44 weeks postmenstrual age either in an outpatient visit at the Developmental Clinic at Children's National Medical Center, Washington DC, or in the George Washington University neonatal intensive care unit if the baby was still in the hospital at target age. The NNNS exam was completed by either one of two certified examiners. Before data collection, inter-examiner reliability X0.9 for both examiners compared with each other and to the trainer-criterion was achieved for each individual NNNS item score, as well as for the administration of all items in the standardized, sequenced procedures, using the established NNNS certification procedures.
2 NNNS examiners were sometimes aware of clinical history of patients because of their work nature, but not aware of subsequent outcome when scoring.
Details of the procedures performed were previously published 7 and available in the examination manual. A total of 115 items are scored in the NNNS, which are computed into 13 summary scores. Summary scores include: (1) habituation, which measures the response decrement to repeated auditory and visual stimuli; (2) attention, which measures the response to animate and inanimate auditory and visual stimuli; (3) handling strategies used during orientation to maintain alert state; (4) quality of movement, which is a measure of motor control, including smoothness, maturity, lack of startles and tremors; (5) regulation, which measure the capacity to organize motor activity, physiology, and state during the examination and to respond to cuddling, consoling and negative stimuli; (6) nonoptimal reflexes; (7) asymmetric reflexes; (8) stress/abstinence signs; (9) level of arousal including state and motor activity; (10) hypertonicity; (11) hypotonicity; (12) excitability, as a measure of high levels of motor, state and physiologic reactivity; (13) lethargy, as a measure of low levels of motor, state and physiological reactivity. Higher score indicates maturity in habituation, attention, regulation and quality of movement. Conversely, higher score indicates dysmaturity in arousal, excitability, lethargy, nonoptimal reflexes, asymmetry, hypertonicity, hypotonicity, handling and stress/abstinence. 8 Normative data for the NNNS have been published, 9 and its psychometric properties were recently studied with coefficient alphas ranging from 0.56 to 0.85, indicating acceptable to good reliability. 10 Because habituation items require the presence of sleep states, which were not achieved in many of the patients, the habituation summary scores were not included in this study. Infants who had 2 or more NNNS summary scores 2 s.d. beyond the mean of the study group were categorized as having abnormal NNNS.
Developmental evaluation. Neurodevelopmental outcome was measured by the Bayley Scales of Infant Development (BSID-II) at 18 months corrected age (CA).
11 BSID-II is a standardized assessment that includes a Mental Developmental Index (MDI) that assesses the child's level of cognitive, language, personal-social skills and a Psychomotor Developmental Index (PDI) that evaluates the level of fine and gross motor development. Developmental evaluations were performed by an experienced psychometrician with PhD in psychology who was not aware of the clinical history of the child or the NNNS score. BSID-II scores of 100 ± 15 represent the mean ± 1 s.d. Significant developmental delay was defined as either MDI p70 and/or PDI p70 (X2 s.d. below mean).
Statistical methods
Descriptive statistics are presented as proportions for categorical variables, the mean±s.d. for continuous parametric variables and median (interquartile range) for continuous non-parametric variables, unless otherwise noted. Differences between the outcome groups were evaluated with Fisher's exact test and Student's t-test for categorical and continuous parametric variables, respectively. Multiple regression models were used to evaluate individual summary score, using the stepwise method with pr >0.2. Statistical analysis was performed by STATA (Version 11.0, StataCorp LP, College Station, TX, USA) and IBM SPSS Statistics (Version 19, SPSS, Chicago, IL, USA).
Results
Sixty-seven infants were examined at term using the NNNS. Demographic and main clinical features of these infants are summarized in Table 1 . Of the 67 evaluated at term, initial state was recorded in 65. Of those 31 (47.7%) were in a sleep state, 14 (21.5%) were classified as drowsy and 20 (30.8%) were in an awake state. The summary scores of the study population were compared with the published norms for healthy term infants 9 ( Table 2 ). Our study cohort required more handling and had better quality of movement. They scored less on excitability, lethargy, asymmetry, hypotonicity and stress abstinence and scored higher on hypertonicity. It is to be noted that apart from the obvious difference in birth weight and GA, there was a significant difference in ethnicity (black: 72% vs 10.5%, white: 16% vs 71%, others: 12% vs 18.5%, P<0.0001) and Medicaid eligibility (45% vs 20.5%, P ¼ 0.0004) between our cohort and published cohort, respectively.
Of the 67 infants, 41 were evaluated at 18 months CA using BSID-II. The average MDI was 78 ± 15 with 29% scoring p70. The average PDI was 80±14 with 22% scoring p70. Significant neurodevelopmental delay (defined as MDI or PDI p70) was detected in 14/41 infants (34%). More patients with abnormal NNNS had significant neurodevelopmental delay at 18 months CA compared with those with NNNS within normal range, but his difference was not statistically significant (50% vs 31%, P ¼ 0.38).
In linear regression models, controlling for GA, intraventricular hemorrhage and socioeconomic level, the association of different NNNS summary scores with both MDI and PDI were explored. For the MDI, using the stepwise method, a significant model emerged (P ¼ 0.011, adjusted R 2 ¼ 0.295). Lower MDI was associated with poorer behavioral regulation and more nonoptimal reflexes (Table 3) . Concurrently, for the PDI, using the stepwise method, a significant model also emerged (P ¼ 0.002, adjusted R 2 ¼ 0.441). Lower PDI was associated with poorer behavioral regulation, more nonoptimal reflexes, increased hypertonicity, and increased need for handling strategies to maintain alert state (Table 4) .
Discussion
This study is the first to prospectively evaluate the prognostic value of the NNNS in a homogeneous group of premature infants as one of its primary objectives. It also demonstrates the feasibility and potential utility of the NNNS in the neonatal intensive care unit. Many of our cohort's NNNS summary scores were different from published norms. Individual NNNS summary scores at term equivalent showed significant correlation with both the MDI and PDI at 18 months CA. As the NNNS was developed for the MLS, it has been widely used in studies examining prenatal exposures and their effect on the neurobehavior of newborn infants. 5, [12] [13] [14] The NNNS could characterize five discrete behavioral profiles in 1248 infants (subjects and controls) enrolled in the MLS study. An extreme negative profile was associated with prenatal drug exposure, low GA and birth weight, head ultrasound abnormalities, and neurological and brain disease. It was also correlated with abnormal behavior problems, school readiness, and intelligence quotient at 4.5 years of age. 15 In another report, the NNNS was used as part of a developmental model of neurobehavioral dysregulation that could relate prenatal substance exposure to behavioral problems at age 7 years. 16 The use of NNNS in premature infants was explored in two main cohortsFan Australian cohort described by Brown et al. 17 and the preterm subgroup of the MLS study. Brown et al. reported their experience with a cohort of 168 premature infants (<30 weeks GA or <1250 g) examined at term-equivalent age. Perinatal/neonatal factors that negatively affected the NNNS summary scores included longer duration of assisted ventilation and grade III/IV intraventricular hemorrhage. Factors that positively affected their scores included female sex, maternal antenatal steroids and receiving any amount of breast milk on discharge. 17 In the same population, the NNNS abnormalities were weakly associated with magnetic resonance imaging abnormalities. Of the summary scores, only nonoptimal reflexes showed association with individual magnetic resonance imaging changes, namely white matter signal abnormalities and gray matter gyral maturation. 18 When that cohort was compared with term controls, they had lower scores for attention, quality of movements, regulation, hypotonia and hypertonia. They required more handling, were more excitable and had more nonoptimal and asymmetric reflexes. 17 Although our findings agree that preterm infants required more handling and scored less in hypotonicity, comparison to term norms in other domains (quality of movement, excitability, lethargy, asymmetry, stress abstinence and hypertonicity) revealed different relationships. One of the major differences between our study and the previous report is that we used the published norms while they had their own controls for comparison. It is of interest that summary scores from their control group were significantly different from the published 'norms'.
Published data collected from 395 preterm infants (<36 weeks GA) enrolled in the MLS study demonstrated that NNNS at 44 weeks postmenstrual age was predictive of motor outcome at 12 to 36 months of age. In the MLS cohort, low PDI was associated with low quality of movement, hypotonia and surprisingly less handling, whereas cerebral palsy was associated with low quality of movement and increased lethargy. 10 Although we demonstrated an association between NNNS and later PDI, in our cohort lower PDI was associated with less regulation, and more nonoptimal reflexes, hypertonicity and handling. These differences may be attributable to the differences in study populations as 45% of the MLS cohort had intrauterine drug exposure, whereas none of the infants followed in our cohort at 18 months CA were drug exposed.
Our report is the first that could establish predictors for lower MDI in the form of less regulation and more nonoptimal reflexes. It is of interest that regulation and nonoptimal reflexes are predictive for both PDI and MDI. Regulation in the NNNS is a measurement for the capacity of the patient to organize motor activity, physiology and state during the examination and to respond to cuddling, consoling and adapt to negative stimuli. Behavioral regulation is considered a higher function that would be missed by other routine neurological examinations and will only be detected by neurobehavioral assessments. The presence of nonoptimal reflexes has been previously correlated with magnetic resonance imaging abnormalities. 18 We explored a simplified methodology to classify NNNS scores as normal and abnormal. Infants with 2 or more NNNS summary score 2 s.d. beyond the mean of the study group were classified as abnormal. There was only a trend towards higher incidence of neurodevelopmental delay in the abnormal group (50% vs 31%). This comparison is likely limited by sample size and should be explored in a larger population as it would be clinically useful to have an overall summation of the NNNS to evaluate as a predictor of outcome, and ultimately to use in counseling of families.
A limitation of the study is the variable initial state of examined infants. Proper administration of the NNNS items is dependent on the presence of proper state. Six states are recognized by the NNNS including (1) quiet sleep, (2) active sleep, (3) drowsy, (4) quiet awake, (5) active awake, and (6) crying. The optimum time to administer the NNNS is 2 h after feeding. This allows the examination to start while the infant is in a sleep state and gradually change to a state of wakefulness. Establishing that in an outpatient setting is challenging, as a specific appointment may not match the feeding schedule of the infant. However, it is not clear how this variation can affect the results as all items were still administered in their proper state.
Conclusion
NNNS examination of premature infants at term-equivalent age can give insight about neurobehavioral alterations that may result from preterm birth. Individual NNNS summary scores at term equivalent showed significant correlation with PDI and MDI at 18 months CA. Further work is needed to establish reliable normative data for premature infants and develop a simplified methodology to classify the NNNS summary scores for more optimal use in clinical practice. Such additional investigations are essential to extend the promise of the NNNS as a useful clinical tool for neurobehavioral evaluation and ultimately prediction of later neurodevelopmental outcome in high-risk populations.
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